The aim of this study was to obtain and evaluate the electrical, thermal and mechanical properties of iron oxide-filled castor oil polyurethane (PU/Fe 2 O 3 ). The iron oxide used in this study was a residue derived from the steel pickling process of a Brazilian steel rolling industry. Polymeric composites with different iron oxide volume fractions (2.5, 5.0, 7.5, 10.0 and 12.5%) were prepared through the casting process followed by compression molding at room temperature. The composites were analyzed by FTIR, XRD and densities, tensile strength, Young's modulus, electrical and thermal conductivities measurements. By increasing the iron oxide content, the apparent density, tensile strength, Young's modulus and electrical conductivity values of the composites were also increased. The iron oxide additions did not change significantly the value of thermal conductivity (from 0.191 W.mK -1 for PU up to 0.340 W.mK -1 for PU enriched with 12.5% v/v of iron oxide). Thus, even at the higher iron oxide concentration, the compounds as well as the pure polyurethane can be classified as thermal insulators.
Introduction
It is unavoidable that during transformation of natural resources in finished products some amounts of solids, gaseous or liquids residues are transferred to the air, water, soil and underground which constitute the big natural containers of our planet. Consequently, as defined by law in most countries, environmental impacts are expected and they may assume particular characteristics which may change, temporarily or permanently, the environment. Such changes may constitute a risk to humans and can become an injury to health.
Thus, it is important to focus the research looking for new production systems, aiming to reduce the consumptions, to use efficiently the potential of the employed materials by recycling those that nowadays are considered wastes in order to create consumer goods in the market that are environmentally friendly and biodegradable when it is possible.
The natural oils are considered one of the most important classes of renewable resources and the use of polyurethane from castor oil is the demonstration of a good example of material generated from a renewable source 1, 2 . Vegetable oils are abundant raw materials and most are not toxic, generating little waste during production and they are still characterized by a low cost of production and processing and are biodegradable. Moreover, its use contributes to the conservation of global oil reserves. These characteristics yield the vegetable oils interesting products for use as raw materials in chemical industry. In fact, these oils constituted of triglycerides and fatty oils provide a suitable base for the synthesis of polymeric materials 2 . Polyurethanes are versatile materials since they show good workability and can be easily produced. For this reason, they have a wide range of applications, such as in construction, the automotive industry, and the electrical, electronics and footwear production 3 . According to the formulation and type of load used, the obtained polymeric materials have different characteristics. The benefits obtained by the addition of multiple loads to polyurethanes are, among others, the resistance to extreme temperatures, resistance to corrosion and degradation. These properties may help to reduce the cost of production of the obtained polymeric materials. Moreover, the life time of the product itself can be increased.
On the other hand, the combination of properties of organic and inorganic components forming a single material have attracted interest from researchers, since the polymeric matrix have good processability and flexibilities and the inorganic particles can provide mechanical strength and thermal stability 4 . Hematite (α-Fe 2 O 3 ), which is stable under ambient conditions with semiconducting properties, low cost and high resistance to corrosion, has been extensively used for the production of gas sensors, catalysts, pigments, magnetic recording media, anti-corrosive agents, and lithium ion batteries with great scientific and technical importance [5] [6] [7] . In fact, hematite wastes from rolling steel industries has been used as pigment as reported in the literature 8 among other typical loads for polymeric materials, such as calcium carbonate, silica, and alumina. Moreover, according to the Siderurgical Brazilian Institute 9 , for each steel tonnage produced (in 2010), 640 kg of residue is generated, which represents an important amount of waste generate each year, considering that just 15% of this total is reused.
Thus, it is interesting to inquire about the possibility to use iron oxide waste as loading, in order to obtain new materials that retain almost invariable their physical, chemical and mechanical characteristics in comparison with traditional materials.
In this context, this work report results related to the production and characterization of composites produced with polyurethane derived from castor oil and different volumetric fractions of iron oxide residue, from the steel rolling industry. The mechanical, electrical and thermal properties of the composites were evaluated, in order to obtain polymeric materials for a specific application at low costs.
Material and Methods

Materials
The polyol derived from castor oil and the pre-polymer were supplied by the company IMPERVEG ® Comércio e Prestações de Serviço Ltda. The polyol was synthesized from castor oil, trifunctional polyester, with molar mass of 928 g.mol -1 . The prepolymer was synthesized by reacting diphenylmethane diisocyanate (MDI) with the castor oil polyol. A percentage of the free isocyanate remained for subsequent reaction. The resin used (IMPERVEG ® UG 132 A) for the preparation of the materials was supplied as two components, which were mixed in the mass proportion of 1:2 (one part of the prepolymer and two parts of polyol). Additional details about the synthesis of the polyol and castor oil can be obtained from Merlini et al. 10 .
The particulate iron oxide waste with a typical red-brown color and derived from the steel pickling process was provided by a Brazilian steel rolling industry.
Methods
The polyurethane (PU) was prepared by mixing the pre-polymer and the polyol derived from castor oil in bulk as suggested by the manufacturer. The two components were introduced into a reactor, sealed and connected to a mechanical stirrer so that the mixture was stirred for 5 minutes at 130 rpm under vacuum and then poured into a mold. The polymerization was carried out at room temperature for 6 hours, time during which the material hardened and rapidly increased its viscosity. After 2 hours of polymerization a pressure of approximately 10 MPa was applied during 1 hour in order to eliminate further air bubbles.
The particulate iron oxide-added castor oil polyurethane materials were prepared by mixing, in the first place, the components of the PU, as mentioned before. Subsequently, the iron oxide residue (powder) was added (2.5, 5.0, 7.5, 10.0 and 12.5% v/v) to the PU and mixed for 5 minutes. The formulated mixtures thus obtained were poured in a metal plate (120 × 120 × 2 mm) and formed through hand lay-up process. After 2 hours of polymerization a pressure of approximately 10 MPa was applied during 1 hour in order to eliminate further air bubbles. After curing process at room temperature the material was removed from the mold.
Characterization
The mean particle size of the iron oxide powder (0.73 ± 0.12 µm) was determined by using a laser scattering particle size analyzer (Cilas 1064L particle size analyzer).
Hematite (Fe 2 O 3 ) is predictably the remaining stable component according to X-ray diffraction, XRD (Model PW 1830, Philips) measured with nickel-filtered CuKα radiation in the 2θ range (10-70°).
The average chemical composition of the as-received iron oxide was obtained using quantitative X-ray fluorescence, XRF (Model PW 2400, Philips).
The apparent density (ρ ap ) of the obtained materials (PU + iron oxide residue) was measured geometrically. The theoretical density (ρ t ) of the iron oxide residue was measured by He-picnometry (AccuPyc 1330, Micromeritics, Norcross, GA; 5 measurements).
Tensile strength (σ t ) of samples was performed in an EMIC testing machine (Model DL 2000) on five samples (for each composition) with dimensions defined according to ASTM D638-08 11 and ASTM D3039M -08 12 at a load rate of 5 mm/min.
The electrical behavior of the produced materials was measured according to the ASTM (D257-99) 13, 14 . For the iron oxide the two point method was used with aid of an Electrometer Keithley (Model 6517A/High Resistance Meter with a Keithley electricity source, model 6220). In this case, a sample (a disc with a nominal diameter of 22.0 mm and thickness of 0.30 mm) was prepared by compacting the iron oxide powder in a steel die by using a manual press at ~5 MPa during 1 minute and then for another minute at a pressure of ~17 MPa. The specimen was then placed between two electrodes connected to a voltmeter and a source of electricity.
The thermal conductivity was measured in an apparatus based in the use of heat fluxmeter (HFM) built in our laboratories. This HFM, called tangential gradient, is based on the modification of the lines of heat flux to generate a temperature difference in a plane tangential to the plane of measurement 15, 16 . The deviation of the flux lines is caused by a copper pin shown in Figure 1 . The temperature differences are measured by the deposited thermocouples (cooper over constantan) connected in series. Each thermocouple converts a temperature difference in Seebeck emf. The emf produced is directly proportional to the number of thermoelements distributed on the surface of the sensor. This technique allows the manufacturing of thermocouples without welds, which facilitates the fabrication of transducers with large area of measurement, high sensitivity and reduced thickness. Each HFM is calibrated using a constantan skin heater supplied by a constant power.
The apparatus built to measure the thermal conductivity is based o standards ISO 8301 17 and ASTM C518 18 as shown in Figure 2 . The heat fluxmeter has the same surface area of the sample (30 × 50 mm). The temperature difference is measured by two Type T thermocouples (AWG 36) placed into the heat fluxmeters. The bottom surface is maintained at a constant temperature, using an aluminum plate with internal circulation of water at controlled temperature (20 °C). The skin heater is supplied by a constant power (10 W), producing a temperature difference between the faces of the sample of about 15 °C. After 1 hour the steady state is reached, obtaining the value of thermal conductivity through the Fourier's Law. The uncertainty of measurement is estimated to be 4%.
Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) was performed in a Bruker spectrometer, model TENSOR 27 in the range of 4000 to 600 cm −1 by accumulating 32 scans at a resolution of 4 cm −1 , to obtain spectra for polyurethane and composites.
Results and Discussion
The Table 1 shows the chemical composition of the iron oxide residue (waste) used in this work. As it can be seen from Table 1 , iron oxide forming a mass concentration of 99.1%, is the predominant oxide. However, there are impurities such as sodium, silicon and manganese oxides. The presence of chlorine detected (others), although insignificant in value of concentration, is associated with the pickle with HCl. Other metallic impurities, characterizing the composition of the rust formed during the processing of steel, were detected in very small quantities. Traces of oils and fats were also detected by chemical analysis at a concentration of 3.0 mg.kg -1 . The presence of oils and fats is due to the treatment of pickling, which, besides having the task of removing iron oxide after the lamination process also eliminates the possible existence of oils and fats. The Table 1 shows, therefore, that the analyzed powder is composed by the oxides identified with a predominance of hematite according to the X-ray diffraction pattern (ICDD, 73-0603) of Figure 3 . The theoretical density of the iron oxide under consideration is 5.2 g.cm -3 . However, from the measurements by He-pycnometry the iron oxide waste shows a density value of 4.66 g.cm -3 which was used for the batch calculations. This difference in density is due to the fact that the iron oxide waste has some impurities in small quantities which decrease the density as shown in Table 1 . Table 2 shows the measured and calculated densities of the prepared and produced composites. The calculated density values were obtained by the law of the mixtures by considering density values of 1.05 and 4.66 g.cm -3 for PU and iron oxide residue, respectively.
As expected the apparent density of the produced composites increased as the iron oxide content increased from 2.5 to 12.5% v/v since iron oxide has a density of 4.66 g.cm -3 while the PU (without iron oxide additions) has . Moreover, the measured density values are in good agreement with the calculated one indicating that the batches were well prepared.
The tensile stress of the polyurethane and composites comprising different volume fractions of Fe 2 O 3 are shown in Figure 4 . As it can be seen from the Figure 4 the tensile stress increases with increments of Fe 2 O 3 volume fraction. For iron oxide addition of 2.5% v/v the tensile stress was similar to the PU, i.e. without addition of the particulate iron oxide. For the composites with 5.0, 7.5, 10 and 12.5% v/v iron oxide the tensile stress was higher than that of the pure PU (~3.2 MPa). Thus, in this case, the best result (~6 MPa) is related to composite containing 12.5 % v/v of iron oxide. However, for a volume fraction higher than 12.5% iron oxide the viscosity increases too much so that the homogenization becomes difficult and forming is not possible. The Young's modulus of the composites with different Fe 2 O 3 volume content showed similar behavior, increasing for higher volume fractions ( Figure 5) . Table 3 shows the results of the measured electrical and thermal properties of the composites used and produced in this work. From Table 3 it can be seen that the electrical conductivity of the compositions (PU + iron oxide) increases with the concentration of the iron oxide going from a value of 3.48 × 10 -16 S.cm -1 for the pure PU up to 2.55 × 10 -13 S.cm -1 for 12.5% of iron oxide in accordance with the measured electrical conductivity value of the iron oxide (9.35 × 10 -10 S.cm -1 ) which is higher than that of PU and the PU + iron oxide produced composites. Therefore, the electrical conductivity of the pure polymer was increased of 3 orders of magnitude. Proportionally, there is a decrease in resistivity i.e. from 2.87 × 10
15 Ω.cm for pure PU to a value of 3.92 × 10 12 Ω.cm for composition containing 12.5% of iron oxide.
From analysis of the obtained data it can observe that the electrical conductivity values do not vary significantly. Nevertheless, the addition of iron oxide does not change the insulation behavior of the PU, making it stay in the range of conductivity of a typical electrical insulator (between 10 -10 and 10 -20 S.cm -1 ) 19 . The thermal conductivity for the vast majority of polymers is of order of 0.30 W/mK 21 but for polyurethane resins it corresponds to 0.209 W.mK -1 [20] . The iron oxide has a relatively high thermal conductivity compared to the polymer materials, i.e., 20 W.mK -1 [11] , but remains in the range of conductivity characteristics of ceramics (at room temperature ranged between 2 and 50 W.mK -1 ) 21 . From analysis of thermal properties of the pure polyurethane and various composites it can be seen that the iron oxide additions do not significantly change the value of thermal conductivity.
The thermal conductivity of the studied compositions remains rather low because the volume fraction of the iron oxide added is not high (the maximum is 12.5%). It is also occurred at 1521 cm -1 . The absorption bands at 1216 and 1047 cm -1 are assigned to ether groups 22 . The composites IR spectrum shows the same absorption bands, indicating that have not interactions between matrix and iron oxide particles. Thus, the oxide particles remain fairly isolated in the matrix not allowing an interaction between them, according to low values of thermal conductivity.
Conclusions
The results presented in this study showed that the residue has 99.1% of iron oxide (hematite, α-Fe 2 O 3 ) and can be effectively used as filler in polymer composites. Due to the higher density of the iron oxide, the apparent density of the composites increases proportionally to the content of the iron oxide residue. Tensile stress and Young's modulus slightly increases for higher volume fractions, indicating that the residue can be used effectively as filler agent in a polyurethane matrix derived from castor oil, in different industrial sectors, such as the furniture industry, automotive, footwear, among others. The thermal and electrical properties were not significantly affected by addition of iron oxide residue, and did not cause changes in the insulating characteristics of the PU matrix. It was not observed chemical interaction between polyurethane and iron oxide. The results obtained in this study demonstrated that iron oxide residue can be used as efficient filler in a polyurethane matrix derived from castor oil, in a range of new and existing applications, as for example in internal automotive components.
worth noting that the pure iron oxide has a high thermal resistance. This means that even with the 12.5% iron oxide the composite as well as the pure polyurethane are classified as thermal insulators. It may be noted that, generally, by increasing the iron oxide amount the internal conductivity of the material also increases, ranging from 0.191 W.mK -1 for PU up to 0.340 W.mK -1 for PU enriched with 12.5% v/v of iron oxide. The Figure 6 shows infrared spectra of the pure PU and composites with different Fe 2 O 3 volume fraction. The spectrum for the unreinforced polyurethane derived from castor oil shows absorption bands assigned to amine (3330 cm 
